
 72 

  

  
Figure 3-21: Required path-lengthening to be pro-
duced by the hadron delay line versus proton ener-
gy. Since the actual delay line can only increase the 
path length, compared with the original hadron cir-
cumference, only the energies corresponding to the 
positive path lengthening are accessible for the ma-
chine operation. 

Figure 3-22: Main linac RF frequency dependence 
on the hadron energy. 

 
3.3.8 Collective effects 

 
Various collective effects were studied and three effects have been recognized as most important: the en-

ergy losses and energy spread due to collective effects, multi-pass beam breakup instability due to high order 
modes of SRF cavities, and the fast beam-ion instability. 

 
Energy losses and energy spread 

 
The following effects are investigated for potential energy losses and resulting energy spread: coherent 

synchrotron radiation (CSR), longitudinal resistive wall impedance, the higher order modes (HOM) of the 
SRF cavities, wall roughness of the beam pipe and synchrotron radiation.  

 

 
Table 3-7: energy losses and energy spreads due to various collective effects with the top electron energy of 
15.9 GeV (top) and 21.2 GeV (bottom). 

 
Table 3-7 summarizes our estimations for the current design. As shown in the table, we expect that the 

energy loss due to CSR will be fully suppressed by the shielding effects of the vacuum chamber. Further-
more, the wall roughness of the extruded aluminum vacuum chamber can be reduced to sub-micron level1 
and its contribution to the energy spread is estimated to be negligible compared with other effects. The total 

                                                        
1 We measured 0.2 μm rms surface height variation from a sample aluminum beam pipe provided by ANL. 
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pedances 
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-‐Minimiza(on	  of	  energy	  spread	  of	  decelerated	  beam	  is	  one	  of	  most	  important	  and	  
challengeable	  subject	  of	  studies	  for	  ERL-‐based	  design	  and	  is	  a	  focus	  of	  our	  present	  work	  

“eRHIC	  Design	  Study	  “	  report	  (Dec.	  2014):	  

Machine	  impedances	  in	  the	  Table	  include	  resis(ve	  wall	  and	  main	  linac	  cavi(es.	  

Question:  
Does the energy loss and spread induced by synchrotron emissions, wake-
fields etc…. necessitate the use of energy compression by riding off-crest 
in the energy recovery and if so how it that controlled. 

SR	  causes	  the	  energy	  spread	  in	  two	  ways:	  directly	  (by	  quantum	  fluctua(ons)	  and	  
	  indirectly	  (different	  orbit	  of	  accelerated	  and	  decelerated	  beams	  in	  FFAG	  -‐>	  different	  
pathlength	  -‐>	  linac	  voltage	  slopes	  at	  accelera(on	  and	  decelera(on)	  



Energy Spread and Energy Losses due to Wall Roughness:  
Measured surface:  
 

“surfaceN1”.(extruded(aluminum(from(
the(NSLSNII(vacuum(chamber.(
Extrusions(are(along(the(mountain(ridges(

(red).((

Measurements are courtesy of P. Takacs of 
the Instrumentation Division of BNL. 

μm 

�surfaceN2	:( from( the( vacuum( chamber( ( for(
superconduc&ng( undulator.( Extrusions( were(

done(by("Cardinal(Aluminum"(at(Louisville,(KY.((

The(sample(beam(pipe(was( (provided(by(Emil(
Trakhtenberg((ANL).(

Courtesy of A. Fedotov 

μm 



-‐	  Each	  Spreader/Merger	  arm	  contains	  a	  	  chicane	  for	  pathlength	  adjustment	  and	  
an	  op(cs	  sec(on	  for	  R56	  adjustment.	  

-‐Detailed	  studies	  of	  energy	  spread	  minimiza(on	  scheme	  for	  FFAG-‐based	  design	  have	  started	  
few	  months	  ago.	  Results!

Example	  of	  accelera(on-‐decelera(on	  energy	  spread	  	  
evolu(on	  for	  21.2	  GeV	  opera(on	  with	  op(mized	  
pathlength	  and	  R56	  adjustments	  done	  in	  the	  spreader.	  
(Yue	  Hao,	  ELEGANT)	  
	  
	  
(Green:	  only	  pathlength,	  Blue:	  pathlength+R56)	  

Cavity	  and	  resis(ve	  wall	  wakes	  has	  been	  also	  
incorporated	  	  into	  ELEGANT	  (Yichao	  Jing,	  Yue	  Hao)	  

On	  the	  basis	  of	  these	  studies	  one	  can	  make	  decision	  on:	  
-‐	  Required	  range	  of	  pathlength	  and	  R56	  adjustment	  in	  the	  spreader	  arms	  
-‐	  Injector/Dump	  energy	  



•  Presently	  we	  are	  considering	  a	  scheme	  with	  longer	  linac	  	  (2	  GeV)	  and,	  
consequently,	  less	  re-‐circula(ons	  (10x2).	  

•  Among	  other	  good	  things,	  it	  reduces	  effect	  of	  resis(ve	  wall	  wake	  and	  
synchrotron	  radia(on	  on	  energy	  spread.	  

•  In	  the	  same	  (me,	  we	  are	  exploring	  a	  possibility	  to	  exclude	  the	  energy	  loss	  and	  
energy	  spread	  compensa(on	  cavi(es.	  And	  it	  would	  provide	  addi(onal	  
complica(on	  for	  the	  energy	  spread	  control.	  

•  In	  collabora(on	  with	  JLab	  accelerator	  scien(sts	  the	  proposal	  for	  
CEBAF-‐ERL	  experiment	  is	  being	  developed	  (to	  be	  ready	  at	  the	  end	  of	  this	  year).	  	  
(F.	  Meot	  (BNL),	  T.	  Satogata	  (JLab))	  


